Introduction
The Dana-Farber Cancer Institute (DFCI) began conducting randomized clinical trials in childhood ALL in 1972. Studies performed during the 1970s demonstrated improved eventfree survival (EFS) for children who received doxorubicin (in addition to vincristine and prednisone) during remission induction therapy, 1 and for those who received weekly, highdose asparaginase during the post-remission intensification phase. 2 In 1981, DFCI and several other institutions throughout the United States and Canada formed the DFCI ALL Consortium. Features of DFCI ALL Consortium protocols have included intensive, four-to five-agent remission induction, early intensification with weekly, high-dose asparaginase, cranial radiation for the majority of patients, frequent pulses of vincristine and corticosteroid during continuation therapy, and for highrisk patients, doxorubicin during intensification. The therapeutic success over the last two decades has been accompanied by recognition of acute toxicities and late effects in long-term survivors. Acute toxicities experienced by patients treated on DFCI ALL consortium protocols include asparaginase-related allergic events and pancreatitis, as well as fractures from corticosteroids. [3] [4] [5] Late toxicities include asymptomatic echocardiographic abnormalities related to anthracycline exposure, 6 osteonecrosis from corticosteroids, 7 as well as short stature and learning disabilities of varying severity, presumably secondary to central nervous system (CNS)-directed therapy. 8 The focus of randomized studies has been to improve efficacy while minimizing acute and late toxicities. In this report, we review the results of four consecutive clinical trials conducted between 1981 and 1995 by the DFCI ALL consortium.
Patients and methods

Patients
Between 1981 and 1995, 1255 children aged 0-18 years with newly diagnosed ALL (excluding mature B cell ALL) were evaluated on four consecutive DFCI ALL consortium protocols and were evaluable for results of treatment. Patients were enrolled on the following protocols: 81-01 (1981) (1982) (1983) (1984) (1985) , n = 289), 85-01 (1985-1987 , n = 220), 87-01 (1987-1991 , n = 369) and 91-01 (1991-1995, n = 377). Informed consent was obtained from parents or guardians prior to instituting therapy. Patients were enrolled from the following DFCI ALL consortium institutions: DFCI/Children's Hospital (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) , Maine Medical Center/Maine Children's Cancer Program (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) , University of Rochester Medical Center (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) , Ochsner Clinic, New Orleans (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) , University of Massachusetts (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) , University of Puerto Rico, San Juan (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) , Eastern Maine Medical Center (1981) (1982) (1983) (1984) (1985) , McMaster University Medical Center (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) , Mount Sinai Medical Center (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) , San Jorge Children's Hospital, San Juan (1991-1995), Hospital Sainte Justine, Montreal (1987 Montreal ( -1995 , and Le Centre Hospitalier de L'Université, Laval, Quebec (1991) (1992) (1993) (1994) (1995) . All protocols were approved by the institutional review boards of each participating institution.
Risk group classification
Risk group was determined at the time of diagnosis (Table 1) . On all protocols between 1981 and 1995, standard risk (SR) was defined as follows: age between 2 and 9 years, initial white blood cell (WBC) count Ͻ20 × 10 9 /l, B-progenitor /l and/or age Ͻ12 months at diagnosis. Between 1991 and 1995 (protocol 91-01), only infants (age Ͻ12 months) were considered VHR. All patients not classified as SR or VHR were considered high risk (HR). CNS leukemia was defined as the presence of leukemic blast cells on a cytospin preparation in conjunction with five WBC/high powered field (hpf) (CNS-3) from 1981 to 1987 (protocols 81-01 and 85-01); after 1987 (protocols 87-01 and 91-01), CNS leukemia was defined as the presence of leukemic blast cells on a cytospin preparation regardless of CSF WBC count (CNS-2 and CNS-3).
Therapy
Details of therapy have been previously published, 3, 4, 9, 10 and are summarized in Table 2 . In general, each protocol consisted of five phases of therapy: investigational window, remission induction, CNS treatment, intensification, and continuation. VHR patients received an additional month of intensification therapy (VHR intensification) immediately after remission induction. Investigational windows consisted of a single chemotherapeutic agent administered at the time of diagnosis 3-5 days prior to the initiation of multi-agent remission induction, and were designed to assess initial response. Results have been previously reported. [11] [12] [13] Two hundred and eighty-nine patients were registered on protocol 81-01 (1981) (1982) (1983) (1984) (1985) . All patients were eligible and evaluable for follow-up. Seventy-seven patients were randomized to receive a single dose of methotrexate either 4 gm/m 2 (high-dose) or 40 mg/m 2 (low-dose) during an investigational window (4 days prior to the initiation of remission induction therapy).
14 There was a single dose of doxorubicin during remission induction (45 mg/m 2 ). Only HR patients received doxorubicin during intensification (cumulative dose 345 mg/m 2 ). All patients received cranial radiation (2800 cGy for HR patients and 1800 cGy for SR patients). Males with T cell ALL (n = 24) also received bilateral testicular radiation (2400 cGy). All patients received 20 weeks of high-dose asparaginase during the intensification phase. Total duration of therapy for all patients was 24 months from the time of CR.
On protocol 85-01, the HR group was subdivided into HR and VHR categories ( (2) Patients were randomized to receive either high-or low-dose methotrexate during remission induction (dosed as in protocol 81-01). (3) SR patients were treated without cranial radiation. (4) The dose of cranial radiation was decreased to 1800 cGy for HR patients. (5) Patients receiving cranial radiation were randomized to either daily (conventional) or twice-daily (hyperfractionated) schedules. (6) Beginning in 1989, patients with t(9;22) were treated with allogeneic bone marrow transplant in first remission. Because of a higher than expected incidence of CNS relapse in SR boys, all boys who had received SR treatment and remained in CCR were recalled to receive additional therapy in 1992. Forty of 60 eligible SR boys received 1 year of additional therapy, including a month of remission induction, 1800 cGy cranial radiation, and then cycles of continuation therapy, continuing until 1 year from the completion of reinduction or 2 years of CCR (for those patients recalled within the first year from their diagnosis).
Three hundred and eighty-six children were registered on protocol 91-01 (1991) (1992) (1993) (1994) (1995) . Nine patients were ineligible due to incorrect diagnosis (n = 6), pre-treatment with other anti-leukemia therapy (n = 2) and absence of signed parental consent prior to therapy (n = 1). The remaining 377 evaluable patients received therapy identical to protocol 87-01, except for the following: (1) VHR patients consisted only of those Ͻ12 months at diagnosis (no WBC criteria). (2) Patients were randomized to receive one of four corticosteroid regimens during a 3-day investigational window (prednisone 40 mg/m 2 /day, or dexamethasone 6, 18 or 150 mg/m 2 /day. 
Immunophenotype and cytogenetics
Bone marrow cells from diagnostic aspirates were examined for cell surface antigens using standard indirect immunofluorescence assays and cultured for cytogenetic analyses, as previously described. 10 
Statistical analysis
Outcome events were death during induction therapy, failure to achieve complete remission (defined as persistent leukemia at day 52 after diagnosis), death during remission, relapse and diagnosis of second malignancy. Event-free survival (EFS) was measured from the date of complete remission to the first outcome event or, if no such events occurred, until the date of last contact; induction failure and induction death were considered events at time zero. Overall survival (OS) was the time from the start of treatment to death from any cause. EFS and OS were estimated using the Kaplan-Meier method, 15 and Greenwood's formula was used to calculate standard errors. 16 Univariate analyses of differences in EFS were conducted with logrank tests. 17 Cumulative incidence functions of isolated and any CNS relapse were constructed by the method of Kalbfleish and Prentice for patients who achieved a complete remission. 18 An isolated CNS relapse was defined as a CNS relapse without relapse at other site or other type of failure. Any CNS relapse was defined as an isolated CNS relapse or a CNS relapse in conjunction with another type of relapse or failure. Similar definitions were used in defining isolated and any testicular relapse. In the estimation of cumulative incidence functions, all other failures were considered competing events. The databases for analyses of protocols 81-01 and 85- 
Results
Protocol 81-01 (1981-1985) Of the 289 evaluable patients, 278 entered CR (96%). Median follow-up was 15.4 years. Of the 200 patients who remained in CR, 193 (97%) were followed for at least 5 years, 182 (91%) for at least 8 years and 168 (84%) for at least 10 years. The 5-year EFS (±s.e.) for all patients was 74 ± 3% ( Figure 1 ). Overall survival rates at 5 years, 8 years and 10 years were 81 ± 2%, 77 ± 3% and 75 ± 3%, respectively. The cumulative incidence of isolated CNS relapse at 5 years was 4.5 ± 1.2% and that of any CNS relapse (isolated or combined) was 6.3 ± 1.4%. The cumulative incidence of isolated or combined testicular relapse in male patients at 5 years was 0.6 ± 0.6% (observed in only one patient). Five patients experienced a second malignancy as a first event (glioma, astrocytoma, glioblastoma, meningioma, and germ cell tumor). Remission death rate was 3.5%. Outcome by presenting features is shown in Table 3 . Seventy-eight patients participated in a randomized comparison of high-vs low-dose methotrexate as part of an investigational window. There was a trend toward improved EFS with high-dose methotrexate that was not statistically significant (P = 0.10).
Protocol 85-01 (1985-1987)
Of the 220 evaluable patients, 217 entered CR (99%). Median follow-up was 12.0 years. Of the 171 patients who remained in CR, 162 (95%) were followed for at least 5 years, 139 (81%) for at least 8 years and 118 (69%) for at least 10 years. The 5-year EFS (±s.e.) for all patients was 78 ± 3% ( Figure 2 ). Overall survival rates at 5, 8 and 10 years were 84 ± 2%, 81 ± 3% and 81 ± 3%, respectively. The cumulative incidence of isolated CNS relapse at 5 years was 2.8 ± 1.1% and that of any CNS
Figure 2
Event-free survival, cumulative incidence of any CNS relapse and of isolated CNS relapse for 220 patients treated on protocol 85-01 (1985-1987). Median follow-up was 12.0 years. Leukemia relapse (isolated or combined) was 3.7 ± 1.3%. The cumulative incidence of isolated or combined testicular relapse in male patients at 5 years was 0.9 ± 0.9% (observed in only one patient). Two patients experienced a second malignancy as a first event (meningioma and AML). Remission death rate was 3.6%. Outcome by presenting features is shown in Table 4 .
Protocol 87-01 (1987-1991)
Of the 369 evaluable patients, 356 entered CR (96%). Median follow-up was 9.0 years. Of the 276 patients who remained in CR, 267 (97%) have been followed for at least 5 years and 213 (77%) for at least 8 years. The 5-year EFS (±s.e.) for all patients was 77 ± 2% (Figure 3 ). Overall survival rates at 5, 8 and 10 years were 88 ± 2%, 85 ± 2% and 84 ± 2%, respectively. The cumulative incidence of isolated CNS relapse at 5 years was 4.1 ± 1.0% and that of any CNS relapse (isolated or combined) was 5.7 ± 1.2%. The cumulative incidence of isolated or combined testicular relapse in male patients at 5 years was 0.9 ± 0.7% (observed in two patients). Two patients experienced a second malignancy as a first event (both AML). Remission death rate was 2.0%. Methotrexate dose (high vs low) during remission induction was not associated with significant differences in EFS (8-year EFS of 77 ± 3% for highdose vs 73 ± 3% for low-dose; P = 0.48). Outcome by presenting features is shown in Table 5 .
Protocol 91-01 (1991-1995)
Of the 377 evaluable patients, 370 entered CR (98%). Median follow-up was 4.9 years. Of the 312 patients who remained in CR, 306 (98%) have been followed for at least 3 years and 233 (75%) for at least 4 years. The 5-year EFS (±s.e.) for all patients was 83 ± 2% (Figure 4) . The overall survival rate at 5 years was 88 ± 2%. The cumulative risk of isolated CNS relapse at 5 years was 1.1 ± 0.5% and that of any CNS relapse (isolated or combined) was 3.1 ± 0.9%. The cumulative incidence of isolated or combined testicular relapse in male patients at 5 years was 1.5 ± 0.9% (observed in three patients).
No patients have been diagnosed with a second malignancy. Remission death rate was 3.2%. Dosing of 6-MP during the first year of therapy was not associated with significant differences in EFS (5-year EFS of 85 ± 3% for high-dose and 84 + 3% for low-dose, P = 0.90). Outcome by presenting features is shown in Table 6 .
Prognostic factors
For each protocol, we performed univariate analyses to determine if the following factors were significantly associated with EFS: DFCI risk group, age, WBC count, sex and immunophenotype. None of these features was prognostically significant on protocol 91-01. DFCI risk group was a significant risk factor on protocols 81-01 (P Ͻ 0.01) and 85-01 (P Ͻ 0.01), but not on 87-01 (P = 0.32) and 91-01 (P = 0.24). Age at diagnosis was prognostically significant only on protocols 81-01 (P Ͻ 0.01) and 87-01 (P = 0.04), and presenting WBC only on protocols 85-01 (P Ͻ 0.01) and 87-01 (P Ͻ 0.01). Male sex was associated with inferior outcome on protocol 87-01 (P Ͻ 0.01), but not on any other protocol. Inferior outcome of males on protocol 87-01 was due to the high incidence of CNS relapses in SR boys who did not receive cranial radiation.
Immunophenotype was not a significant risk factor on any protocol during this treatment era. Median follow-up: 9.0 years.
Discussion
We have demonstrated 5-year EFS rates ranging from 74 to 83% on four consecutive DFCI ALL consortium protocols conducted between 1981 and 1995. During that time, the backbone of the treatment regimen remained relatively unchanged, including a four-to five-agent remission induction, high-dose weekly asparaginase intensification for all patients, cranial radiation for the majority of patients, doxorubicin during intensification for HR patients (up to a cumulative dose of 345-360 mg/m 2 ), and frequent pulses of vincristine and corticosteroid during post-remission therapy. Remission death rates remained constant throughout the treatment era (2-3.6%), and were primarily due to infectious complications. The cumulative incidence of second malignancies on DFCI ALL consortium protocols for all patients treated between 1972 and 1995 was 2.7%, 19 comparable to others 20, 21 and lower than on epipodophyllotoxin-containing regimens. 22, 23 The cumulative incidence of testicular relapses amongst male patients (0.6-1.5%) was also quite low.
The most intensive therapy was reserved for HR and VHR patients. The outcome of subsets of HR/VHR patients, such as those with T cell immunophenotype (5-year EFS ranging from 70 to 79%) and adolescents (5-year EFS 70 to 79%), compared
Figure 3
Event-free survival, cumulative incidence of any CNS relapse and of isolated CNS relapse for 369 patients treated on protocol 87-01 (1987) (1988) (1989) (1990) (1991) . Median follow-up was 9.0 years.
Figure 4
Event-free survival, cumulative incidence of any CNS relapse and of isolated CNS relapse for 377 patients treated on protocol 91-01 (1991-1995). Median follow-up was 4.9 years.
favorably to contemporaneously conducted clinical trials. [24] [25] [26] [27] EFS for all HR/VHR patients improved between 1981 and 1995 (5-year EFS 66% on protocol 81-01 vs 81% on 91-01). The reasons for this improvement may be multifactorial, including: (1) improved outcome for subsets of HR/VHR patients. We have previously reported that the addition of high-dose cytarabine and high-dose methotrexate to the regimen for infants (beginning in 1985) significantly improved EFS. 9 Similarly, relapse rates for patients with t(9;22) decreased after such patients were routinely treated with allogeneic stem cell transplants during first remission beginning in 1989. 28 (2) Intensification of therapy for all HR/VHR patients, such as the use of dexamethasone and a more prolonged asparaginase intensification on protocol 91-01; and (3) improvements in supportive care, such as the initiation of rouLeukemia tine Pneumocystis carinii pneumonia prophylaxis in 1983. Because HR outcomes have improved, we have decreased intensity for some of these patients on our current protocols by adopting NCI age and WBC criteria to risk-stratify patients. 29 With these new criteria, 20% of patients who previously would have been considered HR are treated on the less intensive SR arm on current DFCI ALL consortium protocols.
The 5-year EFS for SR patients remained relatively unchanged during this treatment era (5-year EFS 87-89%), with the exception of protocol 87-01 (5-year EFS 78%). The inferior SR EFS on protocol 87-01 was due to excessive CNS relapses in SR boys who were treated without cranial radiation (data not shown), consistent with the finding that males with B-precursor ALL fare worse than girls, and may require more intensive therapy. 30 Other than protocol 87-01, sex has not been a significant prognostic factor on DFCI ALL consortium protocols; however, based upon the results of protocol 87-01, cranial radiation was re-instituted for SR boys (but not girls) on the subsequent protocol, 91-01. Others have successfully eliminated cranial radiation in lower-risk patients by substituting it with high-dose antimetabolite therapy and/or intensive intrathecal chemotherapy, [31] [32] [33] changes that were not made when radiation was eliminated on protocol 87-01. On our current protocol 95-01, we are comparing the relative efficacy and toxicity of intensive intrathecal therapy (without radiation) and 1800 cGy cranial radiation in SR boys.
With the exception of SR boys on protocol 87-01, the cumulative incidence of CNS relapses remained low throughout the treatment era despite decreasing intensity of CNSdirected therapy. The dose of cranial radiation for HR patients decreased from 2800 to 1800 cGy, and radiation was eliminated altogether for SR girls. In an attempt to reduce the potential late effects of cranial radiation, we compared two radiation fractionation schedules (hyperfractionated and conventional); longer follow-up is needed to determine relative late effects. Others have utilized alternative CNS treatment strategies, including the use of high-dose antimetabolite therapy, intensive intrathecal chemotherapy and lower radiation doses (12 Gy). [31] [32] [33] [34] [35] While such treatments may offer comparable efficacy as 1800 cGy cranial radiation, the relative long-term neuropsychological sequelae of the various CNS treatment strategies remains unsettled. We have begun exploring the effect of various systemic therapies on neurocognitive status in long-term survivors, and have found that patients who received both high-dose methotrexate and cranial radiation had more marked impairments than those who received either therapy alone. 8 Also, patients who received dexamethasone during post-remission therapy were at increased risk for developing neurocognitive late effects compared with those who received prednisone. 36 To improve EFS for all patients, we conducted two randomized trials studying high-dose methotrexate during remission induction (protocol 87-01) and high-dose i.v. 6-MP during intensification (protocol 91-01). On protocol 81-01, we had observed a trend toward improved EFS in patients randomized to high-dose methotrexate during the investigational window (5-year EFS high-dose vs low-dose: 82% vs 72%, P = 0.10). That randomization included only 77 patients and had not been designed to detect differences in EFS; therefore, all patients on protocol 87-01 were randomized to receive either high-dose or low-dose methotrexate during remission induction. In this larger trial, we did not observe a significant difference in EFS between the two arms (P = 0.48). Similarly, on protocol 91-01, we did not observe any improvement in EFS associated with the use of high-dose i.v. 6-MP during the first year of post-remission therapy (P = 0.90). These findings are in contradistinction to other reports which have suggested that high doses of methotrexate and/or 6-MP were associated with an improved outcome, 37, 38 and suggests that high-dose antimetabolite therapy is less beneficial within the context of the asparaginase-and anthracycline-based DFCI ALL consortium regimens.
Prognostic factors on DFCI ALL consortium protocols have included DFCI risk group, age, and presenting WBC. However, in our most recently completed protocol (91-01), none of these factors, including risk group, were prognostically significant, suggesting the need to identify novel risk factors. We have previously reported the poor prognosis of patients with persistent leukemia at the end of 1 month of therapy and have altered our definition of induction failure to include such patients. 10 Others have reported on the prognostic significance of more sensitive early response measures, including marrow response after 7-14 days of multi-agent remission induction, 39 peripheral blast counts after 1 week of corticosteroids, 26 and minimal residual disease levels during and at the completion of remission induction therapy. 40, 41 We are currently investigating early response and minimal residual disease measures within the context of DFCI ALL consortium protocols. 42 We are also conducting a prospective study to determine the prognostic significance of TEL/AML-1 gene fusion, 43, 44 and attempting to identify other biologically distinct leukemia subtypes.
Reduction in late effects of therapy was a major focus of the protocols conducted between 1981 and 1995. As noted above, longer follow-up is necessary to determine whether hyperfractionated radiation was associated with a lower incidence of neurocognitive deficits. Similarly, the results of the doxorubicin randomization (continuous infusion vs bolus) conducted on protocol 91-01 also await longer follow-up. Preliminary results suggest that continuous infusion doxorubicin may not exert a substantial cardioprotective effect in this patient population. 45 On our current protocol, we have low-ered the cumulative dosage of doxorubicin for high-risk patients to 300 mg/m 2 , and are testing in a randomized trial whether a cardioprotectant agent, dexrazoxane, reduces the incidence of late cardiac dysfunction. In addition to mitigating the toxicities from currently available therapies, we are also exploring the development of novel therapies, such as the stimulation of a patient's own leukemia-specific immunity, 46 which might improve efficacy while avoiding some of the toxicities associated with conventional chemotherapy.
In summary, approximately 75% of patients with newly diagnosed ALL treated on DFCI ALL consortium protocols between 1981 and 1995 are long-term, event-free survivors. To improve upon these results, our current studies focus on identifying biologically distinctive subsets of patients, optimizing available therapies and developing novel treatments. Our goal is to define patient-specific treatment regimens that will provide the least toxic, most efficacious paths to cure.
